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Editor: Simon PollardChinese agriculture has beendeveloping fast towards industrial food production systems that discharge nutrient-
rich wastewater into rivers. As a result, nutrient export by rivers has been increasing, resulting in coastal water
pollution.We developed aModel to Assess River Inputs ofNutrients to seAs (MARINA) for China. TheMARINANu-
trient Model quantiﬁes river export of nutrients by source at the sub-basin scale as a function of human activities
on land. MARINA is a downscaled version for China of the Global NEWS-2 (Nutrient Export fromWaterSheds)
model with an improved approach for nutrient losses from animal production and population. We use the
model to quantify dissolved inorganic and organic nitrogen (N) and phosphorus (P) export by six large rivers
draining into the Bohai Gulf (Yellow, Hai, Liao), Yellow Sea (Yangtze, Huai) and South China Sea (Pearl) in
1970, 2000 and 2050. We addressed uncertainties in the MARINA Nutrient model. Between 1970 and 2000
river export of dissolved N and P increased by a factor of 2–8 depending on sea and nutrient form. Thus, the
risk for coastal eutrophication increased. Direct losses ofmanure to rivers contribute to 60–78% of nutrient inputs
to the Bohai Gulf and 20–74% of nutrient inputs to the other seas in 2000. Sewage is an important source of
dissolved inorganic P, and synthetic fertilizers of dissolved inorganic N. Over half of the nutrients exported by
the Yangtze and Pearl rivers originated from human activities in downstream and middlestream sub-basins.
The Yellow River exported up to 70% of dissolved inorganic N and P from downstream sub-basins and of
dissolved organic N and P from middlestream sub-basins. Rivers draining into the Bohai Gulf are drier, andKeywords:
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870 M. Strokal et al. / Science of the Total Environment 562 (2016) 869–888thus transport fewer nutrients. For the futurewe calculate further increases in river export of nutrients. TheMARINA
Nutrient model quantiﬁes the main sources of coastal water pollution for sub-basins. This information can contrib-
ute to formulation of effective management options to reduce nutrient pollution of Chinese seas in the future.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
China has been becomingmore urbanizedwithmore industrial farms
for animal production (Bai et al., 2013, 2014; Liu and Diamond, 2005).
However, these activities lead to discharges of nutrients, such as nitrogen
(N) andphosphorus (P) to rivers. In particular, direct discharges of animal
manure to rivers contribute largely to nutrient pollution of rivers. This is a
result of poor manure management, and of industrial animal production
being disconnected from crop production (see Section 3.1, Strokal et al.,
2016). In China industrial animal farms started to emerge since the
1990s as a response to the demand for animal products, especially in
urban areas (Liu and Diamond, 2005). In 2000 already 20–40% of all
pigs, chickens and dairy cows in China were grown in industrial farms.
By 2010 this number increased up to 20–80% (Bai et al., 2013, 2014;
FAO, 2014; MOA, 2011). However, animal manure is often ignored as a
fertilizer in crop production (Bai et al., 2015; Ma et al., 2012; Strokal
et al., 2016). Meanwhile farmers use much synthetic fertilizers to grow
crops (Li et al., 2013). As a result, considerably amounts of animalmanure
enters rivers, resulting in nutrient pollution (Strokal et al., 2016). Urbani-
zation may also pollute aquatic systems (Ju et al., 2005; Ma et al., 2012;
Miao et al., 2010; Xing and Yan, 1999). The extent to which depends on
the number of people connected to sewage systems and on the effective-
ness of nutrient removal during treatment.
Chinese seas, the Bohai Gulf, Yellow Sea and South China Sea, receive
a lot of N and P from rivers. The large Chinese rivers contribute to the
nutrient loads to the seas (Tong et al., 2015). This may result in coastal
eutrophication and thus in blooms of harmful algae. Several studies re-
port high measured concentrations of N and P in the seas (Liu et al.,
2009; Müller et al., 2008; Sumei et al., 2008; Xu et al., 2014; Yu et al.,
2011). Xiao et al. (2007) indicated that 120 events of algae blooms
were reported in the 2000s while b5 events in the 1970s. Some species
of harmful algae can be toxic for people (e.g., cyanobacteria), making
water unsuitable for, for example, recreation. Blooms of harmful algae
can also be a threat for living organisms such as ﬁsh because of reduced
oxygen concentrations.
The environmental impact of the trends in industrialization of agri-
culture and in urbanization on Chinese seas is, however, not well studied
in a quantitative, spatial explicit way. Existing studies acknowledge
adverse-effects of animal production and urbanization on aquatic pollu-
tion, butmost of the time at the national scale (Bai et al., 2014, 2015; Hou
et al., 2013; Ju et al., 2005; Liu and Diamond, 2005;Ma et al., 2010, 2013;
Maimaitiming et al., 2013; MEP et al., 2010; Schneider, 2011; Steinfeld
et al., 2006). Provincial analyses exist for different years using the
NUFER model (NUtrient ﬂows in Food chains, Environment and Re-
sources use) (e.g., Ma et al., 2012). However, these provincial analyses
are limited to N and P losses from agriculture to surface waters. For ex-
ample, Ma et al. (2012) quantiﬁed 30–48% of N (36% for China) and
43–65% of P (53% for China) discharged directly from animal manure
to surface waters among provinces in 2005. They indicate that thesema-
nure discharges resulted from poormanuremanagement and increasing
number of industrial farms that do not often recyclemanure on land and
have poor treatment facilities. However, these provincial studies do not
quantify impacts of the direct manure discharges on Chinese seas.
Various studies exist on basin-speciﬁc analyses of N and P export by
Chinese rivers for the past and future using the Global NEWS-2 model
(Nutrient Export from WaterSheds) (Li et al., 2011; Qu and Kroeze,
2010, 2012; Strokal et al., 2014a, 2015; Yan et al., 2010). These studies
consider impacts of human activities on coastal water pollution by nu-
trients. These human activities are, for example, use of fertilizers(synthetic and organic) in crop production and urbanization. However,
industrialization of animal production is not accounted for in those
studies. Thus, direct discharges of animal manure to Chinese rivers are
not considered. Likewise, humanwaste from unconnected sewage pop-
ulation is not considered either. This can also be a considerable source of
nutrients in Chinese rivers (Ju et al., 2005; Ma et al., 2012; Miao et al.,
2010; Xing and Yan, 1999). As a result, these basin-speciﬁc studies
may underestimate nutrient pollution of Chinese seas and thus overes-
timate the effectiveness of the proposedmanagement options to reduce
this pollution in the future.
We believe that sub-basin scale analyses can help to identify areas
with human activities that contribute largely to nutrient pollution of
Chinese seas. This is especially important for Chinese rivers with large
drainage areas (e.g., Yangtze, Yellow and Pearl) because they may dis-
charge dominant amounts of nutrients (e.g., Tong et al., 2015). A few
sub-basin studies exist for the Yangtze river (Bao et al., 2006; Liu et al.,
2008; Xiao et al., 2007) and for the Pearl River (Strokal et al., 2015),
but they do not account for direct manure discharges. Strokal et al.
(2016) analyzed recently the impact of direct manure discharges on in-
puts of nutrients to Chinese rivers at the sub-basin scale. However, this
impact was not addressed on the Chinese seas.
Thus, we need a model that integrates existing approaches and in-
formation to quantify N and P export by large rivers to the Chinese
seas while accounting for important sources of N and P in rivers. Fur-
thermore, this model is needed to identify locations of sources contrib-
uting largely to sea pollution in particular for the largest basins in China
(Section 2). Such information is important to identify and allocate effec-
tive nutrientmanagement to reduce nutrients in the Chinese rivers, and
thus coastal eutrophication.
In this studywe integrated existing approaches and information into
aModel to Assess River Inputs of Nutrients to seAs (MARINA) for China.
TheMARINANutrientModel quantiﬁes river export of dissolved N and P
by source at the sub-basin scale for the past and future.We usedmodel-
ing approaches of Global NEWS-2 as the basis because this model quan-
tiﬁes nutrient export from land to sea in China. We used our previous
study (Strokal et al., 2016) as a basis for our modeling of direct manure
discharges to Chinese rivers, but extended them with other missing
sources (e.g., human waste from unconnected population) by integrat-
ing approaches and information from Ma et al. (2012) and Morée et al.
(2013). To account for locations of nutrient sources within the largest
basins, we improved and implemented our previously developed sub-
basin modeling approach, which was tested for the Pearl River basin
(Strokal et al., 2015). Our model provides quantitative information on
the main sources contributing to pollution of the Chinese seas and the
locations of these sources over time. This has not been done before for
large basins in China. We also evaluate the coastal eutrophication asso-
ciated with the river export of nutrients for past and future. Below we
introduce the study area, following bymodel description and evaluation
(Section 2). Next, we present and discuss the model results (Section 3)
and conclude main ﬁndings (Section 4).
2. Methodology
2.1. The study area
We study six large Chinese rivers draining into the Bohai Gulf, Yel-
low Sea and South China Sea (Fig. 1). The Yellow (HuangHe in Chinese),
Liao and Hai rivers are located in northern China and drain into the
Bohai Gulf. The Yangtze (Changjiang in Chinese) and Huai rivers are
Fig. 1.Map of Chinese rivers that drain into the Bohai Gulf, Yellow Sea and South China Sea. Drainage areas of the rivers are from the Simulated Topological Network (STN-30, v6.01)
(Mayorga et al., 2010; Vörösmarty et al., 2000b). The boundary of China is from GADM (2012).
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(Zhujiang in Chinese) discharges to the South China Sea. The total drain-
age area of these river basins covers around 4 million km2 (approxi-
mately 40% of China). The Yangtze, Yellow and Pearl are the largest
rivers in China with drainage areas of 1.79, 0.89 and 0.44 million km2,
respectively. The Liao, Hai and Huai basins cover 0.27, 0.25 and
0.24 million km2, respectively.
We divided the drainage basins of the Yellow, Yangtze and Pearl riv-
ers in sub-basins (Fig. 2). These sub-basins were classiﬁed as upstream,
middlestream and downstream. This was done to better understand the
spatial variations in human activities within the largest basins in China,
and the impact of human activities on coastal water pollution by nutri-
ents. The Yellow River basin was divided into six sub-basins (Huang
et al., 2009; Wang et al., 2010). These sub-basins were named after
monitoring (or hydrological) stations or after rivers located at their out-
lets. Lanzhou and Toudaogual are upstream sub-basins covering half of
the Yellow basin. Longmen, Wehe and Huayuankou are middlestream
and cover around 40%of the Yellow basin. TheDelta sub-basin is located
downstream and occupies b10% of the basin.
The Yangtze basin was divided into 10 sub-basins that were named
following Yang and Lu (2014b) and Zhou et al. (2013) (Fig. 2). Jinsha,
Min, Wu and Jialing are sub-basins with tributaries draining into the
Upper stem sub-basin. These upstream sub-basins cover around half
of the Yangtze basin. Han, Dongting and Poyang are middlestream
sub-basins with tributaries that drain into the Middle stem sub-basin.
These cover around 40% of the basin area. The remainder (b10%) is cov-
ered by theDelta sub-basin located in downstream areas of the Yangtze.
The Pearl basin has six sub-basins (Cui et al., 2007; Niu and Chen,
2010) that were divided into up-, middle- and downstream according
to Strokal et al. (2015) (Fig. 2). Liujiang and Yujiang are upstream trib-
utaries and their drainage areas cover 30% of the Pearl basin. Xijiang
and Beijiang are middlestream sub-basins covering half of the basin.
Delta and Dongjiang are downstream sub-basins and their size equals
20% of the total basin area.
2.2. Modeling river export of nutrients by source at the sub-basin scale
We integrated existing modeling approaches and sources of infor-
mation into a new Model to Assess River Inputs of Nutrients to seAs
(MARINA) for China. The MARINA Nutrient Model quantiﬁes annualriver export of nutrients by source at the sub-basin scale. We used the
Global NEWS-2 model (Mayorga et al., 2010) as a starting point, but
redesigned it largely for the six Chinese rivers. We started from quanti-
fying nutrient inputs to the Chinese rivers at the sub-basin scale while
accounting for direct manure discharges. The results are recently pub-
lished in Strokal et al. (2016). Here we improved the previous study
by accounting for other missing sources of nutrients in Chinese rivers
namely human waste from unconnected sewage population. We did
this by using approaches and information from Ma et al. (2012) and
Morée et al. (2013). We developed a sub-basin modeling approach
(Strokal et al., 2015) with updated reservoir information (Lehner et al.,
2011a). We published a ﬁrst version of this sub-basin approach for the
Pearl River for dissolved inorganic N and P (Strokal et al., 2015). In the
current study we improved the approach, and extended it to other Chi-
nese basins and other nutrient forms. Below we summarize model de-
scription and inputs, with a focus on the differences from the original
Global NEWS-2 approach. Appendices A-G provide details on model
equations and inputs, and additional information on model outputs.
TheMARINANutrientModel quantiﬁes river export of N and P in dis-
solved inorganic (DIN, DIP) and organic (DON, DOP) forms for 1970,
2000 and 2050 by sub-basin (see Section 2.1 and Fig. 2). The amount
of nutrients exported by rivers to Chinese seas depends on human activ-
ities on land (e.g., agriculture, sewage), hydrology, and basin character-
istics (e.g., land use). Important factors are retention and losses of
nutrients in soils and rivers, and traveling distance of nutrients to the
river mouth (coastal waters).
TheMARINA Nutrient Model quantiﬁes river export of nutrients in
three steps. First, inputs of nutrients fromdiffuse or point sources to sur-
face waters are quantiﬁed. Second, the river export of nutrients to the
outlet of each sub-basin is quantiﬁed. Third, export of nutrients from
sub-basin outlets to river mouths (the point where nutrients are
discharged into the sea) is quantiﬁed (Fig. 3). TheHai, Huai and Liao riv-
ers do not have sub-basins and drain directly into coastal waters.
The overall equation to quantify export of nutrient form (F: DIN, DON,
DIP, DOP) to the river mouth (MF.y.j, kg) by source y from sub-basin j is:
MF:y: j ¼ RSF:y: j∙FEriv:F:outlet: j∙FEriv:F:mouth: j ð1Þ
Here RSF.y.j is inputs of nutrient form F to surfacewaters from source
y in sub-basin j (kg year−1). In our model we distinguish between
Fig. 2. Sub-basins of theYellow, Yangtze and Pearl rivers, and the share of the sub-basins in the total basin area. See Fig. 1 for locations of the rivers in China.Names of the sub-basins refer to
existing names of outlets or to monitoring (hydrological) stations (indicated as stn. on the maps; see Section 2.1). Downstream sub-basins are named after their deltas. Outlets of the
downstream sub-basins are the river mouths: the point where nutrients are discharged into the sea. Drainage areas of the sub-basins are from the Simulated Topological Network
(STN-30, v6.01) (Mayorga et al., 2010; Vörösmarty et al., 2000b).
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in Appendix A). FEriv.F.outlet.j is the fraction of RSF.y.j exported to the
outlet of sub-basin j (0–1, Box A.2 in Appendix A). FEriv.F.mouth.j is the
fraction of RSF.y.j · FEriv.F.outlet.j exported to the river mouth (0–1, Box
A.3 in Appendix A).
Step 1: Quantifying RSF.y.j (RSdifF.y.j and RSpntF.y.j)
Diffuse sources (RSdifF.y.j) of nutrients in rivers include use of syn-
thetic fertilizers, animal manure and human excreta in agriculture (for
DIN, DIP, DON and DOP), atmospheric N deposition on agricultural
and non-agricultural areas (for DIN), biological N2-ﬁxation byagricultural crops (e.g., legumes) and natural vegetation (for DIN),
weathering of P-contained minerals (for DIP), and leaching of organic
matter from agricultural and non-agricultural soils (for DON and DOP).
Nutrient inputs to Chinese rivers from these diffuse sources are
quantiﬁed using Global NEWS-2 approaches (Bouwman et al., 2009;
Mayorga et al., 2010), except for animal manure and human excretion.
In GlobalNEWS-2, nutrient inputs to rivers from synthetic fertilizers, at-
mospheric N deposition and biological N2-ﬁxation are quantiﬁed as a
function of nutrient inputs to land from each source, corrected for nutri-
ent removal via crop harvesting and animal grazing and for retentions in
soils. Nutrient inputs to rivers from P weathering and organic leaching
Fig. 3. Schematic overview of the sub-basin scalemodeling framework for the Yellow, Yangtze and Pearl rivers in theMARINANutrientModel (Model to Assess River Inputs ofNutrients to
seAs). See Figs. 1 and 2 for locations of the rivers in China and their sub-basins (abbreviations of the sub-basins are also given in Figs. A.1-A.3 in Appendix A).
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summarized these approaches for our sub-basins in Box A.1 and
Table A.1 in Appendix A. Model inputs for synthetic fertilizers, atmo-
spheric N deposition, biological N2-ﬁxation, and annual runoff for
1970, 2000 and 2050were derived from gridded databases (0.5 latitude
by 0.5 longitude) of GlobalNEWS-2 (Bouwman et al., 2009; Fekete et al.,
2010;Mayorga et al., 2010). These griddeddatawere aggregated to sub-
basins in ArcGIS, except for annual runoff (calculated using natural
water discharges from outlets of sub-basins and their areas; details are
in Fig. B.1 and Table B.1 in Appendix B).
For animal manure we improved Global NEWS-2 approaches
(Bouwman et al., 2009; Mayorga et al., 2010) as explained in our earlier
study (Strokal et al., 2016). Global NEWS-2 only accounts for diffuse in-
puts of manure in rivers. Here, we also account for point source inputs,
which can be considerable (see Eq. (4) below). To this end,we used infor-
mation from the NUFER model of Ma et al. (2012) (see details in Strokal
et al., 2016). Thus, inputs of nutrient form (F: DIN, DON, DIP, DOP) to sur-
face waters from animal manure use in agriculture in sub-basin j
(RSdifF.ma.j, kg year−1) are quantiﬁed (Box A.1 and Table A.1 in Appendix
A) as:
RSdif F:ma: j ¼ WSdifE:ma: j  GF: j  FEws:F: j
¼ Eexcma: j  1– frElosses:ma: j þ frEsw:ma: j
 Þ   GF: j  FEws:F: j: ð2Þ
Here WSdifE.ma.j is inputs of nutrient element (E: N or P) to agri-
cultural land from animal manure in sub-basin j (kg year−1). GF.j is
the fraction of nutrient (F) applied to agricultural land that is
retained in soils after animal grazing and crop harvesting in sub-
basin j (0–1). GF.j was calculated as the 1− [the amount of element
(N or P) that is exported from soils by harvesting and grazing
(kg year−1)/the total inputs of element (N or P) to agricultural
soils from all diffuse sources (kg year−1)]. The required model inputs
for 1970, 2000 and 2050 were aggregated from the gridded data (0.5
latitude by 0.5 longitude) of Global NEWS-2 (Bouwman et al., 2009;
Mayorga et al., 2010) to sub-basins in ArcGIS (Fig. B.1 and
Table B.1). FEws.F.j is the export fraction of nutrient form
(F) entering surface waters in sub-basin j (0–1). This fraction is cal-
culated as a function of annual runoff from land to streams. The frac-
tion accounts implicitly for retentions of nutrients in soils during
their transport to rivers (e.g., transformation to unreactive forms,
temporary accumulation, retentions in groundwater, riparian
zones, (Mayorga et al., 2010)). Eexcma.j is nutrient element (E: N or
P) in animal excretion in sub-basin j (kg year−1). Animal excretion
equals the animal manure available for application to agricultural
soils plus (only for N) ammonia losses during storage and housing.
Animal manure available for application in 1970, 2000 and 2050
was from the gridded database (0.5 latitude by 0.5 longitude) of
Global NEWS-2 (Bouwman et al., 2009; Mayorga et al., 2010), aggre-
gated to sub-basins in ArcGIS (Fig. B.1 and Table B.1 in Appendix B).
frElosses.ma.j is the fraction of nutrient losses to the air during animal
manure storage and housing in sub-basin j (ammonia losses, 0–1).
frEsw.ma.j is the fraction of nutrient element (E: N or P) in animal ex-
cretion that is directly discharged to surface waters in sub-basin j (0–
1). frElosses.ma.j and frEsw.ma.j were derived from the provincial NUFER
model of Ma et al. (2012) for 1970 and 2000. We aggregated these
fractions from provinces to sub-basins by calculating area-
weighted averages in ArcGIS (Fig. B.1 and Table B.1 in Appendix B).
For 2050, we used values of 2000 for frElosses.ma.j and frEsw.ma.j assum-
ing that the fraction of manure that directly discharges to rivers will
not change largely in the coming years in China.
In China human excreta are sometimes used as a fertilizer for vege-
tables and fruits. This holds in particular for rural areas (Ju et al., 2005;
Ma et al., 2012; Miao et al., 2010; Xing and Yan, 1999) lacking sewage
connections (WHO/UNICEF, 2014). This source is not accounted for in
Global NEWS-2. Here we adjusted the Global NEWS-2. Nutrient inputs
to surface waters from recycled human excreta in agriculture fromunconnected population (RSdifF.hum.uncon,j, kg year−1) were quantiﬁed
(Box A.1 and Table A.1 in Appendix A) as:
RSdif F:hum:uncon: j ¼ WSdifE:hum:uncon: j  GF: j  FEws:F: j
¼ WSdifE:hum:uncon:rur: j þWSdifE:hum:uncon:urb: j
   GF: j  FEws:F: j: ð3Þ
HereWSdifE.hum.uncon.j is inputs of nutrient element (E: N or P) to ag-
riculture from human excretion in sub-basin j (kg year−1).
WSdifE.hum.uncon.rur.j and WSdifE.hum.uncon.urb.j are nutrient element (E:N
or P) in human excretion that is recycled in agriculture of sub-basin j
from rural and urban population (not connected to sewage systems),
respectively (kg year−1). We deﬁned urban population with and with-
out sewage connections as in Morée et al. (2013). Rural population is
deﬁned as people without sewage connections and calculated as the
total population minus urban population (with and without sewage
connection). WSdifE.hum.uncon.rur.j is quantiﬁed by correcting rural
human excretion for direct discharges to surface waters and for N losses
to the air (ammonia losses). WSdifE.hum.uncon.urb.j is quantiﬁed by multi-
plying urban human excretion with the fraction that is recycled in agri-
culture after correcting for N losses to the air.Weused theGlobalNEWS-
2 approach and its gridded databases (0.5 latitude by 0.5 longitude)
(Mayorga et al., 2010; Van Drecht et al., 2009) to quantify N and P
human excretion from rural and urban population without a sewage
connection (see Box A.1, Fig. B.1 and Table B.1 in Appendix B for details).
The fraction of human excretion discharged to aquatic systems from
rural people was available from Ma et al. (2010) for China. We applied
this fraction to our sub-basins (Fig. B.1, Table B.3 in Appendix B). The
recycling fraction of urban human excretion in agriculture was derived
fromMorée et al. (2013) for China for 1970 and 2000. For 2050 we ap-
plied the fraction of 2000 (Fig. B.1, Table B.4 in Appendix B).
Point sources (RSpntF.y.j) of nutrients in rivers include sewage efﬂu-
ents from human excretion (for DIN, DIP, DON, and DIP) and detergents
(for DIP and DOP), and direct discharges of animal manure and human
excretion (not connected to sewage systems) to surfacewaters (forDIN,
DIP, DON and DOP). Global NEWS-2 only accounts for sewage inputs.
Here we also quantify point source inputs of manure and direct dis-
charge of human waste into rivers.
Nutrient inputs to rivers from sewage efﬂuents are quantiﬁed fol-
lowing Global NEWS-2 (Mayorga et al., 2010; Van Drecht et al., 2009)
as a function of urban excretion from population connected to sewage
systems, corrected for nutrient removal during waste water treatment.
Model inputs and parameters were from the gridded databases (0.5 lat-
itude by 0.5 longitude) and basin information of GlobalNEWS-2 (see de-
tails in Box A.1 and Table A.1 for equations, Fig. B.1 and Table B.1 for
model inputs in Appendices A and B). An exception is the Dongjiang
sub-basin of the Pearl River draining into Hong Kong (Fig. 1). For this
sub-basin we used the fraction of nutrient removal during treatment
from Strokal et al. (2015).
Direct discharge of manure (as a point source) to rivers is a consid-
erable contributor to nutrient pollution of aquatic systems in China. A
reason for this is poor manure management and the on-going industri-
alization of animal farms that do not often recycle manure in cropland,
and have poor waste treatment (Ju et al., 2005; Ma et al., 2012;
Schneider, 2011; Steinfeld et al., 2006) (see Sections 1 and 3.1). We in-
cluded manure point source in our model by adjusting the Global
NEWS-2 approach (Mayorga et al., 2010; Van Drecht et al., 2009)
using information from Ma et al. (2012) for manure losses (see details
in Strokal et al., 2016, Box A.1 and Table A.1 in Appendix A):
RSpntF:ma: j ¼ RSpntE:ma: j  FEpntF:ma
¼ Eexcma: j  frEsw:ma: j
   FEpntF:ma: ð4Þ
Here RSpntE.ma.j is point source inputs of nutrient element (E: N or
P) to surface waters from manure in sub-basin j (kg year−1). FEpntF.ma
is the fraction of element E (N or P) entering surface waters as form F
(DIN, DON, DIP, DOP) (0–1). This fraction was derived based on
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(Table B.6 in Appendix B).
Direct discharges of human excretion to aquatic systems from un-
connected sewage population can also contribute to water pollution in
China (Ju et al., 2005; Ma et al., 2012; Morée et al., 2013; Xing and
Zhu, 2002).We accounted for this point source by adjusting themodel-
ing approach of GlobalNEWS-2 and using information fromMorée et al.
(2013) for urban people and fromMa et al. (2012) for rural people (Box
A.1 and Table A.1 in Appendix A) as:
RSpntF:hum:uncon: j ¼ RSpntE:hum:uncon: j  FEpntF:hum:uncon
¼ RSpntE:hum:uncon:rur: j þ RSpntE:hum:uncon:urb: j
h i
 FEpntF:hum:uncon:
ð5Þ
Here RSpntE.hum.uncon.j is inputs of nutrient element (E: N or P) to
surface waters from direct discharges of human excretion from uncon-
nected population to sewage systems in sub-basin j (kg year−1).
FEpntF.hum.uncon is the fraction of element E (N or P) input to rivers as
form F (DIN, DON, DIP, DOP) (0–1). This fraction was derived based
on literature (Fig. B.1, Table B.6 in Appendix B). RSpntE.hum.uncon.rur.j
and RSpntE.hum.uncon.urb.j are inputs of nutrient element (E: N or P) to
surfacewaters in sub-basin j from direct discharges of human excretion
(not connected to sewage systems) from rural and urban population,
respectively (kg year−1). RSpntE.hum.uncon.rur.j is quantiﬁed as N and P
in human excretion (kg year−1) multiplied by the fraction that is
discharged to surface waters (0–1). This fraction accounts for N losses
to the air (Ma et al., 2012). RSpntE.hum.uncon.urb.j is quantiﬁed by
correcting urban human excretion for N losses to the air and for
recycling in agriculture (Morée et al., 2013).
Step 2: Quantifying FEriv.F.outlet.j
The fraction of nutrient inputs to surface waters that reaches the
outlet of sub-basin j (FEriv.F.outlet.j, 0–1) is calculated following Global
NEWS-2 (Box A.2 and Table A.2 in Appendix A):
FEriv:F:outlet: j ¼ 1 DF: j
 
∙ 1 LF: j
 
∙ 1 FQremj
  ð6Þ
Here DF.j is this fraction of nutrient form (DIN or DIP) retained in
dammed reservoirs in sub-basin j (0–1), calculated using Global
NEWS-2 approaches (Harrison et al., 2005; Seitzinger et al., 2002). For
1970 and 2000, nutrient retention in each reservoir was calculated
based on water residence time and depth (for DIN), using information
from the Global Reservoir and Dam Database (GRanD) (Lehner et al.,
2011a; Lehner et al., 2011b) (Fig. B.1 and Table B.1 in Appendix B).
Then nutrient retentions of individual reservoirs were averaged for
sub-basins using actual water discharges at the outlets of the
sub-basins. Actual water discharges were from the gridded database
of Global NEWS-2 (Fekete et al., 2010; Mayorga et al., 2010) (Fig. B.1
and Table B.1). For 2050, we did not have information for individual
reservoirs. Thus we multiplied sub-basin retentions for 2000 with a
factor reﬂecting the increase between 2000 and 2050 following
Strokal et al. (2015). This factor was calculated using basin retentions
of 2000 and 2050 from Global NEWS-2 (Mayorga et al., 2010)
(see details in Fig. B.1 and Table B.1 in Appendix B, and results in
Fig. D.7 in Appendix D).
LF.j is the fraction of nutrient form (DIN or DIP) retained in or/and
lost fromwater systems in sub-basin j (e.g., denitriﬁcation for DIN, sed-
imentation processes for DIP, 0–1). For DIN, this fraction was calculated
as a function of sub-basin area, following Global NEWS-2 (Seitzinger
et al., 2002) (Fig. D.10 in Appendix D). For DIP, we applied values
based on Strokal et al. (2015) and literature (Fig. B.1 and Table B.1 in Ap-
pendix B).
FQremj is the fraction of nutrients (generic for DIN, DIP, DON, DOP)
removed from sub-basin j for water consumption (0–1). This fraction
was calculated as the ratio between the natural (before) and actual(afterwater is removed for consumption)water discharges at the outlet
of sub-basin j. Equations for DF.j, LF.j and FQremj are presented in Box A.2
and Table A.2 in Appendix A, and details on model inputs and parame-
ters are in Fig. B.1 and Table B.1 in Appendix B.
Step 3: Quantifying FEriv.F.mouth.j
We distinguished between sub-basins that include only tributaries
(T) and sub-basins that include the main channel (C) of the river. We
do this for up- (ju), middle- (jm) and downstream (jd) sub-basins of
Yellow, Yangtze and Pearl rivers (Fig. 3). Tributaries discharge nutrients
to themain channel. Themain channel transports these nutrients to the
river mouth (Fig. 3).
Fractions of nutrients exported from the outlets of upstream tribu-
taries (FEriv.F.mouth.juT, 0–1) and of upstream main channel
(FEriv.F.mouth.juC, 0–1) to the river mouth (Box A.3, Table A.3 in Appendix
A) are calculated as follows:
FEriv:F:mouth:juT¼juTFEriv:F:outlet:juC ∙ juTFEriv:F:outlet:jmC ∙ juTFEriv:F:outlet:jdC ð7Þ
FEriv:F:mouth:juC¼juCFEriv:F:outlet:jmC ∙ juCFEriv:F:outlet:jdC ð8Þ
Here juTFEriv.F.outlet.juC, juTFEriv.F.outlet.jmC and juTFEriv.F.outlet.jdC are frac-
tions of nutrient form (F) exported from the outlet of upstream tribu-
tary (upper case: juT) to the outlets of the main channel in upstream
(lower case: juC), middlestream (lower case: jmC) and downstream
(lower case: jdC) sub-basins (0–1). juCFEriv.F.outlet.jmC and
juCFEriv.F.outlet.jdC are fractions of nutrient form (F) exported from theout-
let of upstream sub-basin with the main channel (upper case: juC) to
the outlets of the main channel in middlestream (lower case: jmC)
and downstream (lower case: jdC) sub-basins (0–1).
Fractions of nutrients exported from the outlets of middlestream
tributaries (FEriv.F.mouth.jmT, 0–1) and of middlestream main channel
(FEriv.F.mouth.jmC, 0–1) to the rivermouth (Box A.3, Table A.3 in Appendix
A) are calculated as follows:
FEriv:F:mouth:jmT¼jmTFEriv:F:outlet:jmC ∙ jmTFEriv:F:outlet:jdC ð9Þ
FEriv:F:mouth:jmC ¼ jmCFEriv:F:outlet:jdC ð10Þ
jmTFEriv.F.outlet.jmC and jmTFEriv.F.outlet.jdC are fractions of nutrient form
(F) exported from the outlet of middle tributary (upper case: jmT) to
the outlets of the main channel in middlestream (lower case: jmC)
and downstream (lower case: jdC) sub-basins (0–1). jmCFEriv.F.outlet.jdC
is the fraction of nutrient form (F) exported from the outlet of
middlestream sub-basin with the main channel (upper case: jmC) to
the outlets of the main channel in downstream (lower case: jdC) sub-
basins (0–1).
Downstream sub-basins have the main channel and nutrients from
their outlets discharge directly to the river mouth. Thus FEriv.F.mouth.jd
for downstream sub-basins is assumed one. This also holds for Hai,
Huai and Liao.
All fractions indicated in Eqs. (7)–(10) were quantiﬁed as in step 2
above, and account for nutrient retention in reservoirs (DF.j) and losses
(LF.j) during river transport and as a result of consumptive water use
(FQremj). To this end, we corrected sub-basin speciﬁc values for DF.j,
LF.j and FQremj for the drainage area of the main channel exporting nu-
trients towards the river mouth. The main channel is deﬁned based on
the Strahler Order from the Simulated Topological Network (STN-30,
v6.01) (Vörösmarty et al., 2000a, 2000b) implemented in Global
NEWS-2 (Mayorga et al., 2010). For Chinese rivers the main channel is
often formed by streams with the Strahler Order between three (small-
er streams) and ﬁve (larger streams). The drainage area of the main
channel for each sub-basinwas quantiﬁed from the STN-30 information
(Vörösmarty et al., 2000a, 2000b). Box A.3, Table A.3 and Figs. A.1-A.3 in
Appendix A give details on equations and on values for the drainage
areas of the main channel by sub-basin.
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in 1970, 2000 and 2050 from gridded databases (0.5 latitude by 0.5 lon-
gitude) of Global NEWS-2 that were prepared in earlier studies
(Bouwman et al., 2009; Fekete et al., 2010; Mayorga et al., 2010; Van
Drecht et al., 2009). For 2050 these griddedmodel inputswere prepared
based on storylines of the four Millennium Ecosystem Assessment
(MEA) scenarios (Alcamoet al., 2005; Seitzinger et al., 2010).We imple-
mented one of theMEA scenarios (Global Orchestration:GO) as an illus-
trative example in theMARINA Nutrient Model.
The GO scenario illustrates the consequences of globalization and a
reactive environmental management approach for nutrient pollution.
Details on the storylines of GO are published in earlier studies
(Alcamo et al., 2005; Seitzinger et al., 2010) for agriculture (Bouwman
et al., 2009), sewage (Van Drecht et al., 2009) and hydrology (Fekete
et al., 2010). Strokal et al. (2016) describe GO for Chinese sub-basins
that are studied here (see also Section 3.1). Strokal et al. (2016) modi-
ﬁed the original GO scenario (Alcamo et al., 2005; Seitzinger et al.,
2010) by incorporating industrialization of animal production in
China. In this study we used GO of Strokal et al. (2016) with some addi-
tional assumptions for human waste for 2050.
The GO scenario assumes that people will apply large amounts of
synthetic fertilizers to produce crops to feed the increasing urban popu-
lation (see Strokal et al., 2016; Bouwman et al., 2009). Animal produc-
tion will increase because of the increasing demand for food especially
in cities. This will drive construction of large industrial animal farms.
However, GO also assumes that in 2050 themanagement of animal ma-
nurewill be of the same type as in 2000. This implies that large amounts
of manure will be still discharged to rivers (as in 2000, see Section 3.1
and Strokal et al., 2016). The GO scenario assumes a rapid urbanization
for China (Van Drecht et al., 2009). The number of people connected to
sewage systems will consequently increase. However, the efﬁciency of
nutrient removal during treatment will be relatively low compared to
the economic and technological development in China (secondary-ori-
ented treatment with 40–50% of the removal efﬁciency, see Van
Drecht et al., 2009). We assume that management of human waste
from rural population will remain as in 2000. This implies that rural
people will be without sewage connection, and thus some amounts of
human waste will be used as fertilizers and the remainder will be
discharged to rivers as waste. Urban waste that is not collected is as-
sumed to be managed as in 2000 (see Figs. D.2-D.5 in Appendix D).
GO projects northern sub-basins to be drier whilemiddle- and southern
sub-basins to be wetter in 2050 compared to 2000 (see Section 3.1 and
Fekete et al., 2010). Increases in food production will drive increase the
demand for irrigation especially in dry regions (e.g., northern sub-
basins see Fig. 1). As a result, more dams are assumed to be constructed,
leading to more nutrient retentions. This may decrease nutrient export
to sea.
The Chinese government has recently introduced the number of en-
vironmental policies to reduce adverse-effects of human activities, es-
pecially of animal production on water pollution. Examples are the
Discharge Standard of Pollution for Livestock Production (2001),
Criteria for Evaluating Environmental Quality of Livestock Farms
(2004) (Zheng, 2013), and the ﬁrst manure regulation for collective
feedlots and industrial livestock farms, introduced in the beginning of
2014 (http://www.gov.cn/). The later regulation should be implement-
ed at the county level. This regulation is strict in terms of selecting areas
for new industrial farms with better treatment facilities and improving
manure treatment in existing farms (if they are located in permitted
areas, if not, then these farms should be removed). The regulation facil-
itates recycling of manure in crop production (e.g., building crop-
livestock production systems). All these may reduce nutrient inputs to
rivers from direct discharges of animal manure and thus improve
water quality of the Chinese seas in the coming years. In ourGO scenario
we assumed that the fraction of manure that directly discharges to riv-
ers will not change largely in the coming years in China (as mentioned
in the previous paragraph). We did this to illustrate what amounts ofnutrients can potentially be avoided by implementing effectively recent
and future environmental policies. Results are shown in Section 3.1 for
the characteristics of human activities at the sub-basin scale, and in
Sections 3.2 and 3.3 for nutrient exports by rivers to the Chinese seas
and their associated coastal eutrophication in the past and future.
2.3. Indicator for coastal eutrophication potential
We use the Indicator for Coastal Eutrophication Potential (ICEP) to
assess effects of nutrient export by rivers on coastal eutrophication in
China. Billen and Garnier (2007) developed this indicator. ICEP shows
the potential of producing non-siliceous harmful algae in coastal waters
under excess of riverine N and P ﬂuxes taking into account the require-
ments for growth (the Redﬁeld ratio of N:P:Si:C = 16:1:20:106). Either
N-ICEP or P-ICEP (kg C-eq. km−2 day−1) is calculated dependingon lim-
iting nutrient (Fig. F.1 in Appendix F) (Garnier et al., 2010; Strokal et al.,
2014a):
N‐ICEP ¼ TNflx= 14  16ð Þ–DSiflx= 28  20ð Þ½   106  12 if N is limiting N : Pb16ð Þ
ð11Þ
P‐ICEP ¼ TPflx=31–DSiflx= 28  20ð Þ½   106  12 if P is limiting N : PN16ð Þ :
ð12Þ
TNﬂx, TPﬂx and DSiﬂx are the ﬂuxes of total N, P and dissolved silica
(Si) exported by rivers to coastalwaters, respectively (kg km−2 year−1).
TN is the sum of dissolved inorganic, dissolved organic and particulate
N. TP is the sumof dissolved inorganic, dissolved organic and particulate
P. Dissolved forms of N and P are from theMARINA Nutrient Model (see
Section 2.2). Particulate N and P and dissolved Si are fromGlobalNEWS-
2 (Beusen et al., 2009;Mayorga et al., 2010; Strokal et al., 2014a). Partic-
ulate N and P are calculated using an empirical relationship with total
suspended solids (TSS) through a regression analysis (details are in
Beusen et al., 2005;Mayorga et al., 2010). A similar approachwas imple-
mented in the Global NEWS-2 model to quantify river export of dis-
solved Si (details are in Beusen et al., 2009). We calculated daily ﬂuxes
as annual ﬂuxes of TN, TP and DSi divided by 365. Positive ICEP values
indicate a high risk for harmful algal blooms because rivers discharge
N and P to coastal waters in excess over DSi. Negative ICEP values indi-
cate low risks.
2.4. Model evaluation and uncertainties
We validated the MARINA Nutrient Model by comparing modelled
values with measurements. Measurements were available for DIN and
DIP export by the Yellow, Yangtze and Pearl (Table C.1 in Appendix C).
Measured DIN and DIP yields (kg km−2 year−1) were calculated from
concentrations and water discharges normalized by basin areas; DIN is
the sumof nitrite (NO2−), nitrate (NO3−), ammonium (NH4+), andDIP re-
ﬂects phosphate (PO43−) (Table C.1 in Appendix C). Tong et al. (2015)
provide measured total N (TN) and total P (TP) in river mouths of the
Yellow, Yangtze, Pearl, Huai, Hai and Liao (only TP) for the period of
2006–2012. However, Tong et al. (2015) do not provide measured
DIN, DIP, DON and DOP for 2000. Nevertheless, we compared modelled
river exports of TN (the sum of DIN, DON and particulate N) and TP (the
sumof DIP, DOP and particulate P) withmeasured TN and TP from Tong
et al. (2016). We used particulate N and P from Global NEWS-2
(Mayorga et al., 2010; Strokal et al., 2014a).
Fig. 4A shows ranges in the measured yields of DIN, DIP, TN and TP
compared to modelled values for individual rivers. We assessed the
model performance using RP2 (the Pearson's coefﬁcient of determina-
tion, 0–1), RNSE2 (the Nash-Sutcliffe efﬁciency, 0–1) and ME (Model
Error, %) according to Moriasi et al. (2007). RP2 shows the proportion of
the variance in measured values that can be explained by the model.
RNSE2 indicates howwell the points of themodelled andmeasured values
Fig. 4. (A) Measured versus modelled dissolved inorganic nitrogen (DIN), dissolved inorganic phosphorus (DIP), total nitrogen (TN) and total phosphorus (TP) export by the Yangtze,
Yellow and Pearl, Hai, Huai and Liao rivers to the coastal waters in China (yields, kg km−2 year−1), and (B) sub-basin model inputs from gridded database (0.5 latitude by 0.5 longitude)
of GlobalNEWS-2 (Mayorga et al., 2010) versusmodel inputs from Chinese county database (RESDC, 2014) for 2000. RP2, RNSE2 andME are the Pearson's coefﬁcient of determination (0–1),
the Nash-Sutcliffe efﬁciency (0–1) and theModel Error (%), respectively. Modelled yields of DIN and DIP were derived from theMARINANutrient Model for 2000. Measured yields of DIN
and DIP for the Pearl, Yangtze and Yellow rivers were calculated from concentrations of DIN and DIP using annual water discharges and drainage areas of the basins (see Table C.1 in Ap-
pendix C for values and their sources). Modelled yields of TN were calculated from the sum of DIN (from theMARINA Nutrient Model), dissolved organic N (from theMARINA Nutrient
Model) and particulate N (from Mayorga et al., 2010) for 2000. The same holds for modelled TP export by rivers. Tong et al. (2015) provided measured TN and TP in river mouths in
ton year−1 for the period of 2006–2012. We converted tons of TN and TP to kg km−2 year−1 using drainage areas of the basins from Tong et al. (2015).
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measured values. These indicators show a reasonable performance of
ourmodel: RP2 is 0.84, RNSE2 is 0.78 andME is 8%. DIN export by theYellow
and Yangtze is within the range of measurements. Themodel results for
DIN export by the YellowRiver are slightly lower thanmeasured values.
For DIP export by the Yangtze, Pearl and Yellow rivers they are slightly
higher.Modelled TN and TP export by the Yangtze and Pearl is in a good
agreementwithmeasured values. For northern rivers (the Yellow, Huai,
Liao and Hai) measured TN and TP are lower than modelled values
(Fig. 4A, Tong et al., 2015). The difference between modelled and mea-
sured DIN, DIP, TN and TP yields can be associated with uncertainties in
model inputs and parameters as well as with uncertainties in the mea-
sured values. Another reason can be the ratios of dissolved to particulate
nutrients in TN and TP. These ratios may differ between modelled and
measured nutrients. We compared nutrients modelled for 2000 with
nutrients measured for different years (e.g., TN and TP for 2006–2012
from Tong et al., 2015). This may also explain the differences between
modelled andmeasured values. However, the number of availablemea-
surements is still limited in literature, making it difﬁcult to validate the
model results in particular for dissolved organic N and P.
We compared total exports of TN and TP by six riverswithmeasured
TN and TP from Tong et al. (2016) (Table C.2 in Appendix C). Our esti-
mates show that six rivers exported 2143 kton of TN and 319 kton of
TP to the Chinese seas in 2000 (see Section 3.2). These estimates are
close to the range of minimum and maximum values from Tong et al.
(2016) (2136–3096 kton of TN and 159–275 kton of TP). Furthermore,our study indicates the large contribution of theYangtze and Pearl rivers
to nutrient pollution of the Chinese seas (see Section 3.2), which is also
in line with Tong et al. (2015).
We also compared results of the MARINA Nutrient Model with re-
ported trends in nutrient ﬂuxes and their spatial variability. The model
quantiﬁes increasing trends in nutrient export by Chinese rivers since
1970 (see Section 3.2). These model results are generally in line with
existing literature indicating increases in nutrient concentrations in Chi-
nese rivers. For example, Ti et al. (2012) quantiﬁed increasing trends for
DIN export by the Yangtze, Yellow and Pearl rivers. Tao et al. (2010) in-
dicate increases in N inputs to downstream stations of the Yellow River
since the 1970s. Wang (2006) and Li et al. (2007) report on increases in
N and P inputs to the Yangtze since the 1960s. Increasing trends in nu-
trients are also reported by Sun et al. (2013a) for upstream stations (be-
fore the Three Gorges Dam: TGD) and by Sun et al. (2013b) for
middlestream stations (after the TGD) of the Yangtze. Xu et al. (2014)
indicate higher concentrations of nutrients in the northern rivers
(e.g., Yellow, Huai) than in the southern rivers (e.g., Pearl) of China.
This is because the northern rivers discharge less water. These results
are all in line with our model results. Tong et al. (2016) indicate higher
nutrient inputs in the river system of the downstream areas than in up-
stream areas of the Yellow River. This is, generally, in agreement with
our ﬁndings (see Section 3.2). Section 3.4 provides discussion on com-
paring our model results with other modeling studies.
TheMARINANutrientModelwas developed by implementingGlobal
NEWS-2 approaches to the sub-basin scale, and by improving the
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hand, this improves the modeling of nutrient export by large Chinese
rivers. On the other hand, applying Global NEWS-2 approaches to sub-
basins, while using model parameters and inputs from various sources
may increase uncertainties. For example, the approaches of Global
NEWS-2 do not account for DON and DOP retentions in dammed reser-
voirs (only losses from rivers via water withdrawal) (Mayorga et al.,
2010). This may lead to overestimation of river export of these nutri-
ents. Most model inputs for sub-basins are from gridded databases of
Global NEWS-2 (0.5 latitude by 0.5 longitude), which were prepared
from national assessments such as FAO (Bouwman et al., 2009). For
some parameters we used sub-basin speciﬁc values, for instance frac-
tions of manure losses to rivers were calculated from provincial data.
For others we used basin- (e.g., nutrient removal during sewage treat-
ment) or country-speciﬁc (e.g., fractions of human excretion dis-
charges) values (Fig. B.1 in Appendix B).
We tested the sensitivity of model outputs to variations inmodel in-
puts and parameters.We found thatmodel results for 2000 are sensitive
to changes in the following model inputs and parameters: animal ma-
nure production, direct losses of this manure to surface waters of sub-
basins (fractions), use of synthetic fertilizers and water discharges
(Figs. C.1 and C.2 in Appendix C). For example, increasing direct losses
(fractions) of animal manure to aquatic systems by 50% for all sub-
basins resulted in a 25–40% increase in river export of DIP, DON and
DOP. The DIN export by rivers of the Bohai Gulf is more sensitive to
changes in animalmanure and less sensitive to changes in synthetic fer-
tilizers compared to DIN export by rivers of the Yellow Sea and South
China Sea (Fig. C.1). This is because of differences in the relative contri-
bution of sources to DIN export and in hydrology (see Section 3.1).
Human waste is an important factor of P river export (Figs. C.1 and C.2
in Appendix C). The results of this sensitivity analysis give us a better
understanding of the relevant model inputs and parameters for further
check.
We also compared selectedmodel inputs to an independent Chinese
county dataset (RESDC, 2014). This gives an indication of the quality of
our sub-basin model inputs for animal manure, synthetic fertilizers,
population and sub-basin areas (Fig. 4B). For these inputs, we aggregat-
ed information from counties to sub-basins in ArcGIS, and then com-
pared with our sub-basin inputs. The results of this comparison
increase our conﬁdence in using sub-basin model inputs derived from
these gridded databases: Pearson's coefﬁcients of determination (RP2)
range between 0.87 and 0.99 (see Fig. 4B).
Fractions of manure losses to rivers are important parameters in our
model that determine river pollution by animal manure (Section 3).We
calculated these fractions from provincial data derived from the NUFER
model (Ma et al., 2012). NUFER was developed for China based on sta-
tistical data (ECCAP, 2006; MOA, 2006), ﬁeld surveys of about 50 thou-
sand farms during 1999–2008 (NATESC, 1999) and literature (Ma et al.,
2010, 2012). This builds our trust in using these fractions in our model
to quantify manure losses to Chinese rivers. Furthermore, some model
parameters that were derived on the basis of limited literature were
checked with local experts in China (e.g., Chinese Academy of Sciences,
Peking University). These are, for example, the fractions of nutrient re-
moval during treatment in the Dongjiang sub-basin and the fraction of
N or P in animal manure and human waste that is discharged to rivers
in a form (e.g., DIN or DON).
Uncertainties in GlobalNEWS-2 approaches were addressed in earli-
er studies (Bouwman et al., 2009; Fekete et al., 2010; Mayorga et al.,
2010; Van Drecht et al., 2009). Global NEWS-2 has been widely used
for regional analyses of nutrient export by rivers draining into coastal
waters of China (Li et al., 2011; Qu and Kroeze, 2010, 2012; Strokal
et al., 2014a; Yan et al., 2010), Indonesia (Suwarno et al., 2014a,
2014b), the Bay of Bengal (Sattar et al., 2014; Zinia and Kroeze, 2015),
Europe (Thieu et al., 2010), Africa (Yasin et al., 2010) and North
America (McCrackin et al., 2013, 2014). Global NEWS-2 was calibrated
and validated worldwide, including large Chinese rivers (the Yellow,Yangtze and Pearl) (Mayorga et al., 2010). The validation results indi-
cate an acceptable performance of GlobalNEWS-2 forworld large rivers:
RNSE2 is 0.51–0.90 depending on nutrient form (Mayorga et al., 2010).
Furthermore, validation results of Strokal et al. (2014a) indicate an ac-
ceptable performance of Global NEWS-2 for DIN and DIP export by the
Yangtze, Pearl, Yellow and Liao rivers. For example, according to
Strokal et al. (2014a) RP2 is 0.96, RNSE2 is 0.42 and ME is 18%. For theMA-
RINA Nutrient model RNSE2 is much higher and ME is lower (Fig. 4A), in-
dicating better performance.
Based on the above, we consider theMARINANutrientModel appro-
priate for its purpose: to quantify river inputs of N and P to Chinese seas
by source at the sub-basin scale.
3. An analysis of nutrient export by rivers to Chinese seas from 1970
to 2050
3.1. Characteristics of human activities at the sub-basin scale
Our analyses show that urbanization and agriculture are strongly in-
terconnected and inﬂuence N and P export by Chinese rivers at the sub-
basin scale (Figs. 5 and 6, and Figs. D.1-D.5 in Appendix D). The total
population of the studied sub-basins increased from 0.6 billion in
1970 to 0.9 billion in 2000 (Fig. D.2 in Appendix D) in line with a
rapid economic development (Strokal et al., 2014a). As a result, N and
P human excretion doubled in this period (Fig. 5). In 1970 most of the
human excretion was from the rural population (Fig. 5), of which
more than half was applied on land to grow crops, fruits or vegetables
(Fig. D.5 in Appendix D) as also indicated in national studies (Ju et al.,
2005; Ma et al., 2012; Miao et al., 2010). By 2000 the urban population
accounted for 40% of the total population (the range for sub-basins is 0–
68%), where half of the urban population was connected to sewage sys-
tems (the range for sub-basins is 0–100%; Fig. D.2 in Appendix D), in line
with national estimates of WHO/UNICEF (2014). Sewage systems were
not effective in removing N and P from human excretion (Fig. D.3 in Ap-
pendix D). Uncollected urban excretion was mainly discharged to sur-
face waters in 2000 (Fig. D.4). In general, urbanization was taking
place mostly in downstream areas (Fig. 5, and Figs. D.2-D.5 in Appendix
D).
Chinese agriculture has been industrializing because of food security
reasons and changes in diets (Bai et al., 2014; Ju et al., 2005; Ma et al.,
2013; Schneider, 2011). In 1970 approximately 5.8 Tg of N and 0.8 Tg
of P in animal excretion were produced in the study area (Fig. 6).
Most animal manure was used to grow crops (Fig. 6) (Bai et al., 2014;
Ju et al., 2005). Synthetic fertilizerwas hardly used (Fig. D.1 in Appendix
D). By 2000 N and P in animal excretion had doubled (a factor of 1–5 in-
crease among sub-basins). Over one-third of N and half of P manure are
calculated to have been discharged directly to surface waters, and the
remainder was used to fertilize soils in agriculture (after ammonia
losses; Fig. 6). Industrial animal farms did not often recycle manure on
land and had poor treatment facilities (see also Section 1). This explains
the large manure losses to surface waters in 2000. Arable farmers in-
creasingly used synthetic fertilizers because of the low prices and low
labor demand (Bai et al., 2013, 2014; Ju et al., 2005; Li et al., 2013;
MOA, 2011). Thus, the total use of N synthetic fertilizers in the sub-
basins increased from 2.6 Tg in 1970 to 16.3 Tg in 2000. For P synthetic
fertilizers this increase was from 0.3 Tg to 2.4 Tg during this period
(Fig. D.1 in Appendix D). In general, middle- and downstream sub-
basins have intensive agriculture (Figs. 2 and 6, Fig. D.1 in Appendix
D). For example, Huai, Hai and the delta of the Yellow River are part of
the North China Plain where over 50% of national wheat is produced
(Kendy et al., 2003). Our estimates for the total manure and fertilizer
use are generally lower than national totals (e.g., in Ma et al., 2010) be-
cause our study area covers only part of China.
In the future there may be ongoing urbanization and industrializa-
tion of agriculture in the study area. The GO scenario assumes a rapid
economic development for the study area (e.g., at least a 10-fold
Fig. 5.Nitrogen andphosphorus in human excretion (kton year−1) by sub-basin in 1970, 2000 and 2050. Pie charts show fractions of human excretion resulting from the urban population
with and without sewage connections, and from the rural population (all without sewage connection). 2050 is based on the Global Orchestration scenario of the Millennium Ecosystem
Assessment (Alcamo et al., 2005; Seitzinger et al., 2010). See Section 2.2 for model inputs and parameters.
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The total population in the sub-basins is projected to increase slightly
between 2000 and 2050 (Fig. D.2 in Appendix D). However, a fast ur-
banization is assumed because of migration from rural to urban areas.
As a result, the urban population with a sewage connection is projected
to increase by a factor of 1–7 in the sub-basins (Fig. D.2). As a result, nu-
trient inputs to Chinese rivers from the urban population are calculated
to increase (Figs. 5, D.3 in Appendix D) unless efﬁcient sewage treat-
ment is implemented (Alcamo et al., 2005; Van Drecht et al., 2009). Ag-
ricultural activities in the study area are projected to intensify in GO
(Alcamo et al., 2005; Bouwman et al., 2009). Reasons for this are a slight
decrease in agricultural areas (due to, for instance, urbanization; Strokal
et al., 2015), and a large increase in animal manure production (associ-
ated with increasing demand for meat) and in synthetic fertilizer use
(Figs. 6, D.1 in Appendix D). More industrial farmsmay emerge, prefer-
ably around cities with a high demand for meat products. Since in our
GO scenario the fraction of manure that is directly discharged to rivers
will not change largely in the coming years, large amounts of manure
are projected to discharge to surface waters in 2050 (Fig. 6).
Hydrology, in-river processes, water consumption and dams inﬂu-
ence N and P export by Chinese rivers (Figs. D.6-D.10 in Appendix D).
Rivers draining into the Bohai Gulf (the Yellow, Hai and Liao) are drier
than rivers draining into the Yellow Sea (Yangtze, Huai) or the South
China Sea (Pearl). For example, water discharges of the Bohai Gulf rivers
are relatively low (b15 km year−1) (Fig. D.8) because of low runoff
and precipitation (Tang et al., 2013; Zhai et al., 2005). This results in
lower nutrient export from land to the rivers. Part of the nutrients are
retained in or lost from rivers before reaching coastal waters. Waterconsumption removes nutrients from rivers, and it is generally higher
in areas with intensive agriculture (e.g., Hai, Huai, delta sub-basins of
the Yellow and Yangtze rivers; Figs. 6, D.1, D.9). Considerable N can be
lost via in-river denitriﬁcation (Fig. D.10), while Pmay be accumulating.
Nutrient retentions in dammed reservoirs increased between 1970 and
2000 because many more dams were constructed (Figs. D.6, D.7,
Table D.1). An example is the world's largest Three Gorges Dam
(TGD), built in the middle of the Yangtze (the Upper stem sub-basin,
Figs. 1 and 2), which has an impact on downstream areas (Hu et al.,
2011; Yang et al., 2011; Yang and Lu, 2014a). The traveling distance of
nutrients to the river mouth is another factor. In general, not all nutri-
ents from upstream activities reach the river mouth because of losses
and retentions during traveling. This traveling is shorter for nutrients
from downstream activities, thus more nutrients reach the river
mouth (Fig. D.11 in Appendix D). GO projects that dry basins (Yellow,
Hai and Liao in our study) may become drier between 2000
and 2050, while wet basins (Yangtze, Pearl, Huai) may become
wetter (Fig. D.8). Nutrient retentions in and losses from rivers may
increase because of more dams and higher water consumption
(Figs. D.7-D.9).
3.2. River export of nutrients by source at the sub-basin scale
We calculate that nutrient export by the six rivers increases rapidly
from 1970 to 2050 (Figs. 7, 9, 10). In 1970 the six rivers exported
520 kton of DIN, 262 kton of DON, 26 kton of DIP and 37 kton of DOP
to Chinese seas (Fig. 7). Between 1970 and 2000 the total river export
of DIN and DIP doubled, and of DON and DOP increased by a factor of
Fig. 6.Nitrogen andphosphorus in animalmanure excretion (kton year−1) by sub-basin in 1970, 2000 and 2050. Pie charts show fractions of nutrients in animalmanure that are applied to
land, discharged to surface waters and lost to the air as ammonia. 2050 is based on the Global Orchestration scenario of the Millennium Ecosystem Assessment (Alcamo et al., 2005;
Seitzinger et al., 2010). See Section 2.2 for model inputs and parameters.
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(Fig. 7). The three large rivers (Yangtze, Yellow and Pearl) are dominant
exporters of nutrients to the Yellow Sea, Bohai Gulf and South China Sea,
respectively (Fig. 8, Fig. E.1 in Appendix E). Below we describe nutrient
export by rivers to each of these three Chinese seas.
The Bohai Gulf receives increasing amounts of nutrients from the
Yellow, Hai and Liao rivers. The YellowRiver,which is the second largest
river in China, transported 6 kton of DIN, 0.4 kton of DIP, 14 kton of DON
and 3.3 kton of DOP in 1970 (Fig. 9). By 2000 the export of these nutri-
ents increased by a factor of 7–8. Around 70% of DIN and DIP and one-
third of DON and DOP ﬂuxes originated from human activities in the
downstream sub-basin of the Yellow River. The remainder amount of
the nutrients is mainly from middlestream sub-basins (Fig. 9). The Hai
and Liao transported 6 kton of DIN, 0.2 kton of DIP, 12 kton of DON
and 2.4 kton of DOP to the Bohai Gulf in 1970 (Fig. 10). Nutrient export
by Hai and Liao increased by 4–8 times between 1970 and 2000 as a re-
sult of human activities (see Section 3.1). In 1970 direct discharges of
human waste to surface waters accounted for over half of the nutrients
entering the Bohai Gulf, except for DIN export by the Liao, where other
sources also contributed (Figs. 11 and 12). However, in 2000 60–78% of
the nutrient inputs to the Bohai Gulf were from direct discharges of an-
imal manure to surface waters. These manure discharges occurred be-
cause of poor manure management (see Section 3.1). Sewage was an
important source of DIP in the Bohai Gulf rivers. By 2050 nutrient export
by the Yellow, Hai and Liao rivers is projected to be 30–70% higher than
in 2000 depending on a river and nutrient form, except for DIN export
by Hai (Figs. 9 and 10). The Hai River is projected to export less DIN be-
cause of increased DIN retentions in the river system as a result of dam-
ming (see Section 3.1). In our scenario, direct discharges of manure
remains a dominant source of nutrients in the Bohai Gulf and sewagecontributes more to dissolved inorganic N and P in rivers than in the
past, in particular in downstream areas (Figs. 11 and 12).
The Yellow Sea receives nutrients from the Yangtze and Huai rivers
in this study. DIN export by the Yangtze (the largest Chinese river) in-
creased from 295 kton to 556 kton between 1970 and 2000 (Fig. 9). Be-
tween these two years the Yangtze export of DIP increased from18kton
to 33 kton, of DON from 155 kton to 500 kton, and of DOP from 20 kton
to 93 kton. In 2000 activities in the downstream sub-basin contributed
to 12–27% of DIN and DIP, and to 6–7% of DON and DOP export by the
Yangtze to the coastal waters. The share of middlestream activities
was 45–70% and of upstream activities was 18–45% depending on the
nutrient form (Fig. 9). The Huai River transported 0.7 kton of DIN,
0.5 kton of DIP, 12.6 kton of DON and 3 kton of DOP to the Yellow Sea
in 1970 (Fig. 10). These exports increased by a factor of 6–8 between
1970 and 2000 because of increasing human activities (Section 3.1). In
1970 atmospheric N deposition and biological N2-ﬁxation were domi-
nant sources of DIN, and organic matter leaching of DON in the rivers
draining into the Yellow Sea, except for the Huai River (Fig. 11). Direct
discharges of human waste to surface waters were important sources
of DON andDOP in that time (Fig. 12). Thiswas different for 2000: direct
discharges of manure were responsible for 62–69% of DON, DOP and
DIP, and for 22% of DIN inputs to the Yellow Sea (Figs. 11 and 12).
Other sources such as the use of synthetic fertilizers were important
sources of DIN in rivers in 2000 (Fig. 11). Nutrient export by the Yangtze
and Huai rivers are projected to further increase (Figs. 9 and 10) as a re-
sult of agriculture (synthetic fertilizer use for river export of DIN, and
manure discharges for river export of the other nutrient forms) and ur-
banization (for river export of DIP) (Figs. 11 and 12). Sewage in the
downstream sub-basin is in particular an important source of DIP
exported by the Yangtze.
Fig. 7.Modelled dissolved inorganic (DIN, DIP) and organic (DON, DOP) nitrogen (N) and phosphorus (P) export by rivers to the Bohai Gulf, Yellow Sea and South China Sea in 1970, 2000
and 2050 (kton year−1). These nutrients are exported by the Yellow, Hai and Liao rivers to the Bohai Gulf, by the Yangtze and Huai rivers to the Yellow Sea, and by the Pearl River to the
South China Sea (see Fig. 1 for river locations and seas). The share of these rivers in the total nutrient loads is shown in Fig. 8. 2050 is based on the Global Orchestration scenario of the
Millennium Ecosystem Assessment (Alcamo et al., 2005; Seitzinger et al., 2010). See Section 2.2 for model description and inputs.
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River (third largest river in China). Similar to the Bohai Gulf and Yellow
Sea, the coastal waters of the South China Sea are polluted by increasing
amounts of nutrients (Fig. 9). River export of DIN almost doubledFig. 8. The share of rivers in themodelled dissolved inorganic (DIN, DIP) and organic (DON, DOP)
in 2000 (%). For 1970 and 2050 this share is shown in Fig. E.1 in Appendix E.between 1970 (212 kton) and 2000 (375 kton). DIP export by the
Pearl River almost tripled between 1970 (8 kton) and 2000 (21 kton).
For DON this increase was from 69 kton in 1970 to 182 kton in 2000,
and for DOP from 8 kton in 1970 to 33 kton in 2000 (Fig. 9). In 2000nitrogen (N) and phosphorus (P) export to theBohai Gulf, Yellow Sea and South China Sea
Fig. 9.Modelled dissolved inorganic (DIN, DIP) and organic (DON, DOP) nitrogen (N) andphosphorus (P) export by the Yellow, Yangtze and Pearl rivers from sub-basins in 1970, 2000 and
2050 (kton year−1). 2050 is based on the Global Orchestration scenario of theMillennium Ecosystem Assessment (Alcamo et al., 2005; Seitzinger et al., 2010). Fig. 2 provides locations of
the sub-basins. See Section 2.2 for model description and inputs.
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were from human activities in the middlestream sub-basins of the
Pearl River, 20% from activities in upstream sub-basins and around
30% from activities in downstream sub-basins (Fig. 9). For DIN and DIP
export the share ofmiddlestreamactivitieswas 13–39%, of upstreamac-
tivities was 17–28% and of downstream activities was 44–59% in 2000.
Atmospheric N deposition and biological N2-ﬁxation were important
sources of DIN, and organic leaching of DON in the Pearl River in 1970
(Fig. 11). Less than half of DIP and DOP inputs to the sea were from di-
rect losses of human waste to surface waters of the Pearl basin. Only in
the Delta sub-basin (see Fig. 2 for location) sewage contributed consid-
erably to DIP export (Fig. 12). By 2000, the share of sources had
changed: synthetic fertilizers with direct manure discharges were
large contributors of DIN ﬂuxes to the South China Sea. Manure dis-
charges were responsible for 61–74% of DON, DOP, DIP and for 20% of
DIN in the South China Sea. Sewage was an important source of DIP in
the water systems of the Delta sub-basin where urbanization is pro-
found (Figs. 11 and 12). In our scenario for 2050 the Pearl River trans-
ports more nutrients to the South China Sea than in 2000 (Fig. 9)
because of manure discharges resulting from livestock production
(Figs. 11 and 12). Fertilizer use may remain an important source ofDIN export by the river, and sewage of DIP (see Section 3.1 for the char-
acteristics of human activities at the sub-basin scale).
3.3. Increasing risks for coastal eutrophication as a result of increasing river
export of nutrients
The results show that the risk of rivers to cause coastal eutrophica-
tion and thus harmful algae blooms increases from 1970 to 2050
(Fig. 13). For 1970 ICEP values of the rivers ranged between−1.8 and
0.8 kg C-eq. km-2 year−1. For 2000 these values were higher with a
range of 2.4–11 kg C-eq. km-2 year−1 among the rivers (Fig. 13). We
calculated N-ICEP for most of the rivers because N was limited (the
Redﬁeld ratio of N:P N 16, see Fig. F.1 in Appendix F). The Pearl and
Liao (2000) rivers were P limited (N:P b 16, Fig. F.1) and thus P-ICEP
was calculated. Positive ICEPs indicate a high risk for harmful algae to
develop in coastal waters as a result of N and P levels in excess over
DSi. This holds in particulate for dissolved forms of N and P for which
we calculated increasing trends between 1970 and 2000 (Section 3.2).
To calculate ICEP we used river export of dissolved nutrients from this
study, and of particulate N and P and DSi from Strokal et al. (2014a)
(Section 2.3). The share of particulate N and P to the total N and P
Fig. 10.Modelled dissolved inorganic (DIN, DIP) and organic (DON, DOP) nitrogen (N) and phosphorus (P) export by the Liao, Hai and Huai rivers in 1970, 2000 and 2050 (kton year−1).
2050 is based on the Global Orchestration scenario of theMillennium Ecosystem Assessment (Alcamo et al., 2005; Seitzinger et al., 2010). Fig. 1 provides locations of the river basins. See
Section 2.2 for model description and inputs.
883M. Strokal et al. / Science of the Total Environment 562 (2016) 869–888river export decreased between 1970 and 2000 (Fig. F.2 in Appendix F).
Strokal et al. (2014a) indicate that river export of particulate N and P to
the Bohai Gulf decreased, and to the Yellow and South China seas slight-
ly increased between 1970 and 2000. And, river export of DSi decreased
during this period either. Particulate N, P and DSi exports decreased be-
cause of river damming. However, the effect of river damming may be
underestimated by Strokal et al. (2014a) compared to our study because
we account for more dams (Fig. D.6 in Appendix D). Nevertheless, the
results of our study are generally in agreement with various existing
studies that indicate current eutrophication problems in aquatic sys-
tems of China (Diaz and Rosenberg, 2008; Huang et al., 2003; Li et al.,
2014b; Wang et al., 2008; WRI, 2010; Xiao et al., 2007).
In the future the risk for coastal eutrophicationmay further increase.
In theGO scenario rivers have higher values for N-ICEP or P-ICEP than in
2000 (Fig. 13, Fig. F.1 in Appendix F). This is because rivers are projected
to transport more dissolved nutrients (especially from animal produc-
tion and urbanization; Section 3.2) than DSi (Strokal et al., 2014a)
(Fig. F.2 in Appendix F). As a result, the coastal waters of the Bohai
Gulf, Yellow Sea and South China Sea may be at the risk for more
eutrophication-related problems in the future.
3.4. Comparison with other studies
We compared our results to other modeling studies (Li et al., 2011;
Qu and Kroeze, 2010, 2012; Strokal et al., 2014a, 2015; Ti et al., 2012;
Yan et al., 2010). Thesemodeling studies indicate an increase in nutrient
export by Chinese rivers since the 1970s,which is linewith ourﬁndings.
Our estimates for nutrient export by individual rivers differ from es-
timates of Global NEWS-2 studies for China (Li et al., 2011; Strokal et al.,
2014a, 2015; Yan et al., 2010). Strokal et al. (2014a); Qu and Kroeze(2010) and Qu and Kroeze (2012) analyzed nutrient export by sixteen
rivers to Chinese seas using the original Global NEWS-2 model
(Mayorga et al., 2010). We quantify higher nutrient export by Chinese
rivers than those modeling studies. Exceptions are DIN export by the
Yangtze, Huai and Hai rivers, and DIP export by the Yangtze (in 2000),
Huai (in 2000), Hai and Liao for which our estimates are lower. For ex-
ample, our estimates for 2000 are 3% higher for DIN and 24% for DIP ex-
ports by the Pearl than estimates of Strokal et al. (2014a), Qu andKroeze
(2010) and Qu and Kroeze (2012) (Table C.2 in Appendix C). For the
Yangtze, our estimates for DIN are 55% lower, and for DIP 18%
(Table C.2). We have higher or lower values compared to Global
NEWS-2 modeling studies because our model accounts for direct dis-
charges of animal manure and human waste (increasing nutrient ex-
port), and for more dams (increasing nutrient retention).
Strokal et al. (2015) modelled DIN and DIP export by the Pearl River
for 1970–2050 at the sub-basin scale with updated reservoir informa-
tion, but without direct inputs of human waste and animal manure to
rivers. This explains why our estimates are higher (375 kton of DIN
and 21 kton of DIP in 2000) than by Strokal et al. (2015) (189 kton of
DIN and 4.5 kton of DIP in 2000; see Table C.2 in Appendix C). Our
study shows that middlestream activities are important contributors
to DIN and DIP export by the Pearl River in addition to downstream ac-
tivities. This is different from Strokal et al. (2015) where downstream
activities play a dominant role. The difference is because in the current
study we improved the sub-basin scale approach of Strokal et al.
(2015) for nutrient export within the main channel towards the river
mouth (Section 2 for methods).
Yan et al. (2010) and Li et al. (2011)modelled DIN and DIP export by
the Yangtze River using Global NEWS-2, but with the provincial infor-
mation. We model higher DIP (33 kton) and lower DIN (556 kton)
Fig. 11. The share of sources in dissolved inorganic (DIN) and organic (DON)nitrogen (N) export by the Chinese rivers draining into theBohai Gulf, Yellow Sea and South China Sea in 1970,
2000 and 2050 (0–1). 2050 is based on the Global Orchestration scenario of theMillennium EcosystemAssessment (Alcamo et al., 2005; Seitzinger et al., 2010). See Section 2.2 for model
description and inputs.
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1611 kton of DIN) (Table C.2 in Appendix C). The reason for these differ-
ences is that our model accounts for direct losses of animal manure and
humanwaste to rivers (leading to higher values) and for nutrient reten-
tions in rivers of the sub-basins (leading to lower values). These existing
modeling studies quantify DIN and DIP export at the basin scale. We,
however, account for differences in nutrient retentions among sub-
basins.
We compared our results for coastal eutrophication with other
world seas and oceans (Diaz and Rosenberg, 2008; Garnier et al.,
2010; Selman et al., 2008). Coastal waters of Europe (e.g., the Baltic
Sea, North Atlantic EU) and of North America (e.g., the NorthAtlantic US) are eutrophied because of human activities. However,
the risk for coastal eutrophication may become lower in 2050 (in
the GO scenario) because of effectively implementing environmen-
tal policies (Garnier et al., 2010). This is different for China where
coastal eutrophication may occur in the future if manure manage-
ment is not improved (Section 3.3). Similar to China, coastal waters
of Indian, South Atlantic and Arctic oceans may have higher risks for
eutrophication in 2050 than in 2000. Possible reasons are projected
intensive human activities in the coming years (Garnier et al.,
2010). This also holds for the Black Sea where urbanization in addi-
tion to agriculture is an important cause of nutrient pollution
(Strokal et al., 2014b).
Fig. 12. The share of sources in dissolved inorganic (DIP) and organic (DOP) phosphorus (P) export by the Chinese rivers draining into the Bohai Gulf, Yellow Sea and South China Sea in
1970, 2000 and 2050 (0–1). 2050 is based on the Global Orchestration scenario of the Millennium Ecosystem Assessment (Alcamo et al., 2005; Seitzinger et al., 2010). See Section 2.2 for
model description and inputs.
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We analyzed the main sources of dissolved inorganic (DIN, DIP) and
organic (DON, DOP) N and P export by six large rivers at the sub-basin
scale for 1970, 2000 and 2050. To this end, we developed the MARINA
Nutrient Model to quantify river export of nutrients by source at the
sub-basin scale. This was done by redesigning the existing Global
NEWS-2 model to the sub-basin scale with updated information for res-
ervoirs, and by accounting for direct losses ofmanure and humanwaste.
River export of dissolved N and P increased by a factor of 7–8 for the
Bohai Gulf, a factor of 6–8 for the Yellow Sea and a factor of 2–4 for theSouth China Sea between 1970 and 2000. These increases are caused
largely by manure losses to rivers. Most nutrients are exported by the
Yangtze (N50%), Pearl (b40%) and Yellow (b12%). In 1970 uncollected
sewage from rural people was themain source of most nutrients in riv-
ers. Manure losses to rivers were small because of manure recycling on
land. By 2000 manure losses became responsible for 60–78% of the nu-
trients in the Bohai Gulf, and for 20–74% of the nutrients in the Yellow
Sea and South China Sea. These losses resulted from limited manure
recycling on land, and poor manure management in animal production,
leading to direct discharge of manure to rivers. Synthetic fertilizers con-
tributed largely to DIN export by the Yangtze and Pearl. Sewage
Fig. 13. Indicator for Coastal Eutrophication Potential (ICEP, kg C-eq. km−2 day−1) for the
Chinese rivers in 1970, 2000 and 2050. Positive ICEP indicates high risks for coastal eutro-
phication, and thus for blooms of harmful algae because of excess nutrients in coastal wa-
ters over DSi. Negative ICEP indicates low risks for coastal eutrophication. Either N- or P-
ICEP is calculated depending on which nutrient (N or P) is limiting (see Fig. F.1 in Appen-
dix F). See Section 2.3 for ICEP description. 2050 is based on the Global Orchestration sce-
nario of the Millennium Ecosystem Assessment (Alcamo et al., 2005; Seitzinger et al.,
2010).
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stream areas. The Yellow River exported up to 70% of DIN and DIP from
the downstream sub-basin and of DON andDOP frommiddlstream sub-
basins. The Yangtze and Pearl rivers exported over half of DIN, DIP, DON
and DOP ﬂuxes from both downstream and middlestream sub-basins
with a higher contribution of themiddlestream activities. In our scenar-
io for 2050 most rivers transport more nutrients from animal produc-
tion and urban areas, increasing the risk for coastal eutrophication.
This risk, however, may be reduced by effective implementation of re-
cent and future environmental policies.
Transport of nutrients from human activities on land to sea depends
on hydrology, in-river retentions and losses, and traveling distance to-
wards the sea. Rivers draining into the Bohai Gulf transport fewer nutri-
ents than other rivers because their drainage areas have less
precipitation and runoff. This also explains why these rivers receive
less nutrients from diffuse sources such as synthetic fertilizers than
the Yangtze and Pearl. Nutrient retentions in dammed reservoirs in-
creased between 1970 and 2000 because more dams were constructed.
An example is the large Three Gorges Dam located in the middle of the
Yangtze main channel and reduces nutrient export towards the sea.
Water consumption for irrigation removes nutrients from rivers. This
consumption is higher in particular in sub-basins covering the North
China Plain with intensive agriculture.
The MARINA Nutrient model is the ﬁrst sub-basin scale model for
China to quantify river export of DIN, DIP, DON and DOP by source for
the past and future. We validated the model using available measure-
ments from the literature. The MARINA Nutrient model performs rea-
sonably well for its purpose (RNSE2 is 0.78, ME is 8%). However, the
number ofmeasurements is limited,making validate difﬁcult, especially
for dissolved organic N and P. Uncertainties in model results are associ-
ated with model inputs, parameters and approaches. We, thus, com-
pared our model inputs with an independent Chinese dataset and
performed a sensitivity analysis. This all builds trust in the model. Sug-
gestions for future analyses include an analysis of uncertainties in the
model. Re-calibratingmodel parameters for Chinese sub-basins is desir-
able and can improve modeling of river export of dissolved inorganic
and organic nutrients. However, this will require more measurements
of DIN, DIP, DON and DOP in river mouths. Despite these model limita-
tions, we believe that ourMARINANutrientModel provides useful quan-
titative information on the sub-basin scale analyses of river export of
nutrients and their sources for the past and future.
Our study can help to develop effective nutrient management strat-
egies in China. Effective manure management is important to reduce
coastal water pollution. Awareness of coastal eutrophication has beenincreasing in China in recent years, as illustrated by recent policies
aimed at reducing nutrient losses to the environment. We provide
quantitative, and spatially explicit information on the extent to which
human activities contribute to nutrient pollution of the Chinese seas.
This can help to allocate management options. For example, if we
want to reduce DIN and DIP export by the Yellow River, it is more
effective to invest in management of manure in the downstream sub-
basins than in upstream. Improved manure management in both
middlestream and downstream sub-basins can help to reduce DON
and DOP export by large rivers. Urbanization will likely continue in
China, as well as industrialization of animal production around cities.
OurMARINANutrientModel can be helpful in exploring future develop-
ment pathways that can be considered sustainable.Acknowledgments
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